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ABSTRACT 

We present 24/im Spiteer/MIPS photometric observations of the ~50Myr open cluster IC2391. 
Thirty-four cluster members ranging in spectral type from B3-M5 were observed in the central square 
degree of the cluster. Excesses indicative of debris disks were discovered around 1 A star, 6 FGK 
stars, and possibly 1 M dwarf. For the cluster members observed to their photospheric limit, we find a 
debris disk frequency of 10^3^% for B-A stars and 3llg'^% for FGK stars using a 15% relative excess 
threshold. Relative to a model of decaying excess frequency, the frequency of debris disks around 
A- type stars appears marginally low for the cluster's age while that of FGK stars appears consistent. 
Scenarios that may qualitatively explain this result are examined. We conclude that planetesimal 
activity in the terrestrial region of FGK stars is common in the first ^ 50 Myr and decays on timescales 
of ~100Myr. Despite luminosity differences, debris disk evolution does not appear to depend strongly 
on stellar mass. 
Subject headings: 
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1. INTRODUCTION 

Nearly all stars are believed to form with primordial 
accretion disks, but it is not clear whether the forma- 
tion of planets is also a nearly-universal process of stel- 
lar evolution. Answering this question would help us 
understand the incidence of planetary systems in the 
Galaxy. Current planet detection techniques, while con- 
tinuously improving, all suffer from some instrument sen- 
sitivity limitation. Many of the planets may very well 
be insufficiently massive to be detected through gravita- 
tional recoil, too faint against the glare of the central star 
to be imaged directly, too small to significantly reduce 
the star's measured brightness, or positioned unfavorably 
along the line of sight to produce a lensing event. 

Planetary debris disks, however, provide an additional 
approach. Debris disks contain micron-sized dust grains 
predominantly produced in collisions between larger- 
sized bodies (such as rocks) . These dust grains are heated 
by the parent star and re-radiate at longer wavelengths. 
A key facet of debris disks is that the dust grains must 
be short-lived compared to the age of the system given 
the efficiency of typical loss mechanisms like Poynting- 
Robertson drag and radiation pressure (with timescales 
of 10^ to 10^ years). The dust must therefore be regen- 
erated either through a continuous coUisional cascade or 
through stochastic collisions. Therefore, the presence of 
dust implies the existence of larger bodies that can col- 
lide and produce dusty debris fB ackman fc Par escell993 
[Lagrange. Backman. & Artvmo wicd I2000t IZuckermanI 
l2001f) . The largest of these bodies could be meter-sized 
up to planet-sized, and we may well refer to them gener- 
ally as planetesimals. Therefore, any system with excess 
thermal emission implies planet formation at least to the 

^ Steward Observatory, University of Arizona, 933 N. Cherry 
Ave., Tucson, AZ 85721 USA 

^ Harvard-Smithsonian Center for Astrophysics, 60 Garden St., 
MS-42, Cambridge, MA 02138 USA 
Electronic address: .,nsiegler@as.arizona.edU| 



extent of forming planetesimals. The ability to measure 
thermal emission in the mid-infrared is therefore a pow- 
erful technique in identifying systems in which planetary 
system formation has occurred or is occurring. However, 
since debris disks are cool, optically and geometrically 
thin, and gas-poor, they are generally harder to detect 
than the primordial, optically-thick accretion disks found 
around very young stars (< 10 Myr). 

The Spitzer Space Telescope's unprecedented sensitiv- 
ity in the mid-infrared allows for the first time a statis- 
tical study of debris disks and their evolution across a 
wide spectral range. Excesses detected at 24 /im gener- 
ally imply temperatures on the order of 100 K. This equi- 
librium temperature is achieved in the vicinity of 1-5 AU 
for spectral types FGK and 5-30 AU for the more lumi- 
nous B and A stars. By probing these distances in the 
mid-infrared, we are therefore studying potential planet- 
forming and planet-bearing regions around other stars. 
Building on earlier work from the Infrared Astronomy 
Satellite (IRAS) and Infrared Space Observatory (ISO) 
which showed that the amount o f dust in debris disks 
steadily declines over time (e.g. iSpangler et alJ l2001t 
iHabing et al . 2001), Rick e et al.l l|2005|) showed that 
more than half of A- type stars younger than ^ 30 Myr 
have mid-infrared excess. This result implies that plan- 
etary system formation occurs frequently around stars a 
few times more massive than the Sun. However, the same 
result also shows that up to ^ 50% of the youngest stars 
have small or nonexistent excesses in the mid-infrared, 
pointing to a possible range of planetesimal formation 
and clearing timescales. 

Can we expect similar behavior for lower-mass, 
longer-living, solar-like stars? Both IRAS and ISO 
were in general not sufficiently sensitive to detect the 
photospheric emission from lower-mass stars. Only 
with Spitzer have mid-infrared su r veys of lowe r -mass 
stars begun (Gorlova et al." '2004'; Young et al. "2004 ; 
[Mever et al. 200 4: Stau ffcr et al. 2005; Kim et al. 20Q a 
iBeichman etilf l20d5bl: iChen et all l2005t iBrvden et all 
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20061 Isih^rstone et all l2006t iBeTchman et alJ l2005 
Gorlova et alJ 120061: iChen et aljT20n^ These studies 
conducted at 24 and/or 70 /im have shown that debris 
disks exist around solar-hke stars at a wide range of possi- 
ble distances (~1-50AU) and temperatures (~10-650K) 
with an age-dependent frequency. It is one of the goals 
of this investigation to constrain this age-dependence. 
Continued surveys of stars with known ages at mid- 
infrared wavelengths will bring us nearer to understand- 
ing how debris disks evolve and ultimately will provide 
constraints on planet formation time scales. 

In this investigation we use the 24 /xm channel on 
Spitzer to study the incidence of debris disks in the open 
cluster IC 2391. IC 2391 is estimated to be 50±5Myr o ld 
(jBarrado v Navascues. Stauffer. fc Ja vawardhana' 2004) , 
an age consistent w ith both theoretica l (Chambers 2001} 
and observational ('Kl eine et al.ll200'3) timescales of ter- 
restrial planet formation. It is believed to be of inter- 
mediate s ize with ^100-200 members. At a distance 
of 154 pc ijForbes. Dodd. & S ullivan"200lV the cluster is 
amongst the closest and best studied. Furthermore, its 
proximity allows for the detection of photospheric emis- 
sion at mid-infrared wavelengths from low-mass stars. 
With little observed 24/Ltm cirrus str ucture and visi- 
ble extinction f£'('^- 7)^0.006 ± 0.005: 'Patte n fc SimonI 
^96), IC2391 offers an attractive combination of age, 
distance, and background in which to study debris disks. 

The aim of this investigation is to measure the inci- 
dence of debris disks found around ~ 50 Myr stars across 
a broad range of spectral types. We discuss the ensemble 
properties of excesses in IC 2391 by placing our data in 
context with other relevant samples. In the process we 
begin characterizing the evolution of debris disks around 
FGK stars, and compare this result to that previously 
established for more massive A stars. 

2. OBSERVATIONS AND DATA REDUCTION 

The Multiband Imagi ng Photometer for Spitzer 
(MIPS; iRieke et alJ 12004(1 was used to image a 0.97 
square degree area (0.66° x 1.47°) centered on IC2391 
(RA 08:40:16.8, Dec -53:06:18.9; J2000) on 9 April 2004. 
The 24 fim observations used the medium scan mode 
with half-array cross-scan offsets resulting in a total ex- 
posure time per pixel of 80s. The images were pro- 
cessed using the MIPS instrument team Data Anal- 
ysis Tool (Gordon ctal. 2005), which calibrates the 
data, corrects distortions, and rejects cosmic rays dur- 
ing the coadding and mosaicking of individual frames. A 
column-dependent median subtraction routine was ap- 
plied to remove any residual patterns from the individ- 
ual images before combining them into the final 24 /im 
mosaic. 

While MIPS in scan-mode provides simultaneous data 
from detectors at 24 /im, 70 /im, and 160 /im, this study is 
based on only the 24 /im channel. The longer wavelength 
channels are insensitive to stellar photospheric emissions 
at the distance of IC 2391 and in addition no cluster stars 
were detected at 70 /im nor 160 /im. 

We measured the 24 /xm flux density of individual 
sources in a 15" aperture using the standard PSF-fitting 
photometry routine allstar in the IRAF data reduction 
package daophot. Wc then applied an aperture correc- 
tion of 1.73 to account for the flux density outside the 
aperture, as determined from the STinyTim 24 /tm PSF 



model (Engelbracht et al., in prep). Finally, fluxes were 
converted into magnitudes referenced to the Vega spec- 
trum using a zero-point for the [24] magnitude of 7.3 Jy 
(from the MIPS Data Handbook, v2.3). Typical la mea- 
surement uncertainties for the MIPS 24 /xm fluxes are 
50 /iJy plus ~ 5% uncertainty in the absolute calibration 
(Engelbracht et al., in prep). The two are independent 
of each other and dominated by the latter. 

The 24 /im mosaic of the central region of IC2391 
is displayed in Figure It likely covers a bit less 
than half of the spatial extent of the entire cluster 
( Bar rado v Navascues et ani2001[l . There is relatively 
little background cirrus or extended emission in the field 
of view. As explained in §3.3, MIPS is sensitive to de- 
tecting the photospheres of mid-K dwarfs at the distance 
of IC2391. 

3. RESULTS AND ANALYSIS 
3.1. IC2391 Cluster Members Detected at 24 

To determine the fraction of ~ 50 Myr stars possess- 
ing 24 /im emission excess, we must match the detected 
sources in our mosaic to bona fide IC 2391 cluster mem- 
bers. There are 1393 sources detected at 24 /im in the 
Spitzer/ynFS mosaic (Figure ^ with a limiting mag- 
nitude of 11.7mag (0.15mJy). Using a two arcsec 
search radius, 505 of these sources matche d objects in 
the 2MASS All-Sky Point Source Catalog l|Cutri et alJ 
providing both corresponding near-infrared pho- 
tometry and standardized 2MASS celestial coordinates. 
It is expected that all IC2391 cluster members detected 
at 24 /im in the MIPS mosaic will have correspond- 
ing 2MASS detections since the faintest known cluster 
members in the literature have i^T.sW 14.5 mag (M5-M7; 
[Barrado v Navascues. Stauffer, fc Javawardhana 2004), 
(2MASS Ks sensitivity limit is ~ 15.3 mag). 

To obtain V band magnitudes and proper motions 
for cluster member selection, we ran the list of 505 
sources through the United States Naval Observatory 
Flagstaff Station (USNOFS) image and catalog archive 
database NOM AD (Naval Observatory Merged Astro- 
metric Dataset^; [Z^haria^^3llQM3)- This database 
selects for each source the "best" astrometric and pho- 
tometric data chosen from its catalogs'* and merges the 
results into a single dataset. Due to the cluster's dis- 
tance, most of the sources had measured U SNO-Bl.O 
(|Monet et alJl20(il or UCAC2 ijZacharias et al. 2004bll 
proper motions. In the cases where F magnitudes were 
not available through the database, we used alternate 
catalogs through the VizieR Search Service or photome- 
try directly from literature sources listed hereafter. 

To our list of 505 stars with V, J, H, Kg, and [24] pho- 
tometry, we applied the following membership criteria 
in sequential order (numbers in parenthesis indicate the 
number of sources that still remained after the criterion 
was applied): 

• object positions located on the stellar main se- 
quence locus of a dereddened J-H vs H-Ks color- 
color diagram that indicate membership. (228) 

• object positions located on dereddened V vs V-Kg 

http:/ /www. nofs.navy.mil/data/fchpix 

for catalog details and references see 
http: / / www.nofs.navy.mil / nomad / nomad_readme.html 
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(Figure 12) and Kg vs J-Kg color-magnitude dia- 
grams (CMDs) that indicate membership. (Ill) 

• proper motions within two sigma of the cluster 
mean (« 95% of true members; estimated through 
a comparison to the mean Hipparcos cluster mo- 
tion^ which includes the object's proper motion un- 
certainty and an assumed intrinsic velocity disper- 
si on of Imas/yr, where Imas/y r Ri0.7km/s; p. 71 
in IBevington fc Robinsonlll992(i . Using this crite- 
rion is expected to result in only « 5% of bona fide 
cluster members being rejected. (26) 

The evolutionary mo dels of I Baraffe et alJ ljl998(l and 
iSiess. Dufour. k, Foresti ni (200(|) were used to deter- 
mine the mean cluster CMD isochrones and color-color 
positions for 50Myr old stars placed at the distance 
of IC2391 (154 pc). We selected candidate members 
using a band 1 mag in apparent magnitude on either 
side of the mean theoretical isochrones and 0.1 mag 
in color-color positions. The selection bands are suf- 
ficiently broad to take into account photometric, dis- 
tance, age, binarity, and model uncertainties; redden- 
ing is not a factor here. However, with the cluster be- 
ing close to the Galactic plane (b=-6.90), there is no 
clear separation between the field stars and the loca- 
tion of the cluster isochrones. We reduce the interloper 
contamination of our sample by using the combination 
of photometric and kinematic measurements as listed 
above. For later-type stars, however, the evolutionary 
models appear to diverge at y-ifs> 4.4 and hence we 
used the spectroscopically-confirmed mid-M dwarf s from 
iBarrado v Navascues. Stauffer. fc Javawardhanal l|2004fl 
to define an empirical cluster sequence for later-type 
members. 

Only those sources that satisfied all of the criteria 
were classified as members and are included in the 
statistics. From the original 505 sources, 26 met 
all three criteria for membership. As a consistency 
and completeness check, we compared our list to 
probable cluster members from the literature lying 
in the MIPS field of view in Figure ^ While there 
have been many cluster membership investigations 
of IC 2391 measuring proper motions, optical and 
near-infrared photometry, radial velocities, rotational 
velocities. X-ray emission, spectral classification, and 
spectral youth diagnostics, there is no single complete 
listing. The Open Cluster Database® as provided by 
Prosser & Stauffer is composed of both members and 
candidate members extracted from the literature up 
until 1 997. Later clust er mem ber ship referen ces come 
from ISimon fc PattenI llT99l. IPatten fc P avlovskvi 
II1999H. 'Barrado v Navascues et alJ ( | 200lj) . 

iForbes. Dodd" fc Sullivan (2001), Randi ch et all ll200l[i 
and iBar rado v Navascues. Stauffer. fc'^avawardhanal 
lj2004|) . All 26 sources from our analysis were also 
classified in the literature as probable or possible cluster 
members with all but two (ID 7 and 11) having spectral 
confirmation. Having satisfied our membership criteria, 
we are confident that these 26 sources are bona fide 

^ (MaCOS(5=-25 .06ifc0.25 mas/yr, ^(f =22.7±0.22 mas/yr; 
IHobichon et al.lll99gi) 

® http:/ /www.noao.edu/noao/stafF/cprosser 



IC 2391 cluster members and we list them in Tables ^ 
and 121 

In addition, there were seven sources which were 
originally deselected due to proper motions slightly 
exceeding our criterion or not measured but are 
cited as probable cluster members in the literature. 
AU seven - ID 8, 10, 13, 21, 27, 29, and 32 - have 
photometry consistent with membership according to 
our first two criteria. IDS (HD 74009) is an F3 star 
whose proper motion we recalculated using additional 
catalogue points and now satisfies the third criterion. 
Using an 88-yr baseline, we also verified that ID 8 
is part of a 5.5" binary whose companion, ID 7, is 
also detected in our 24/j,m image. The companion 
independently satisfies the first two membership criteria 
but with large V band uncertainty. We thus add ID 7 
in addition to the origin al 26 sources. ID 10 (PP07; 
IPatten fc Pavlovskvll999 l) is an M5 dwarf that we discuss 
in more detail in §3.6. ID 13 (SHJM 6=VXRPSPC 12), 
ID 27 (SHJM 8= VXR PSPC 38a=VX R 17) and 
ID 29 (SHJM 9= VX R 41 ) (Stauffe r eTall [19891 
IPatten fc SimonI Il996j) all have evidence of youth 
through strong Li I detections (A6707A; 'Randich et aL| 
200ir ID 32 (SHJM10^VXR47: Stauffer et al. 1983 
Patten fc S imon 1996) is observed to be an M2e dwarf 
with a radial velocit y within \a of the cluster mean 
iStauffer et al.l 11997^1 . Li abundance (|Randich et alJ 
I2001D . and colors consistent with an early-M dwarf. 
However, its position on a CMD requires it to be 
a near-equal mass multiple system. Lastly, ID 21 
(VXRPSPC 18a), h as no measured pro per motion 
but is X-ra y active (IPatten fc SimonI 1199^ . has youth 
signatures (jRandich et alJl200H) . and a radial ve locity 
consi stent with cluster membership (Stauffer et alJ 
119971) . Thus we add these eight sources to raise our final 
sample size to 34 objects and include them in Tables ^ 
and El 

Spectral types in Table^were obtained from the refer- 
ences previously mentioned or from SIMBAD; rotationa l 
velocities were obtained from lStauffer et all l|1989llT99'^ . 
and fraction al X-ray luminosi t ies (lo gfLr„/Lhni1) were ob- 
tained from IPatten fc SimonI l)1996() . For completeness, 
we list in Appendix A three objects that are classified in 
the literature as cluster members but through this study 
are shown to be unassociated. None of these sources had 
24 /xm excess. 

3.2. Determining 24 ^J■m Photospheric Colors 

Our goal is to measure the fraction of IC2391 clus- 
ter members possessing evidence of debris disks by mea- 
suring 24 /im flux densities in excess of their expected 
photospheric emission. We now establish a photospheric 
base-line emission using a V-Kg vs 7f5-[24] color-color di- 
agram to help identify these excess sources across a broad 
range of spectral types. 

When the sources are all of similar distance and spec- 
tral type, a Kg vs iir<,-[24] CMD can identify potential 
ex cesses empirically (se e Fig. 3 in a Pleiades disk study 
bv lStauffer et al.ll2005(l . Even without knowing the ex- 
act photospheric color at 24 /im, I Stauffer et allll2005l) . m 
consideration of their uncertainties and relative excesses, 
designate stars with /irs-[24] > 0.1 as candidate debris 
disk sources. However, for a broader ra nge in photo- 
spheric temperatures (color), results from lGautier et alJ 
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()2006tl show that the ifs-[24] photospheric color grad- 
ually reddens with cooler effective temperatures until 
abruptly turning redward for spectral types later than 
MO. We also see evidence of this behav ior in a larger 
disk survey of the Pleiades conducted bv iGorlova et alJ 

The V-Ks color is a good proxy for spectral type. The 
two bands are sufficiently separated in wavelength space 
to trace temperatures/spectral types as well as to break 
degeneracies that beset near-infrared colors near the K- 
M spectral type transition. The Jrs-[24] color is a very 
good diagnostic for mid-infrared excess since for stars 
earlier than M dwarfs, it is only weakly dependent on 
stellar temperature with both bands in the Raylcigh- 
Jeans regime. Using the ^^^-[24] as a mid-infrared ex- 
cess diagnostic, however, requires the band to be 
photospheric. Near-infrared excess is a diagnostic for 
optically-thick primordial disks probing emission from 
active accretion at radii <0.1AU. We find no evidence 
for near-infrared excesses from H-Ks colors in our sam- 
ple. Furthermore, for stars older than lOMyr, the inner- 
most regions of primordial d isks have largely dissipated 
l|Haisch. Lada. fc Ladair20niD . Thus we conclude cluster 
member emission at Ks is photospheric and that signif- 
icant i<rs-[24] deviations from photospheric values imply 
the presence of a circumstellar component. 

The lack of a large sample of cluster members with 
no apparent 24 /xm excess in IC2391 across a wide spec- 
tral type range makes establishing a pure empirical pho- 
tospheric locus potentially inaccurate. There are only 
16 apparently-non-excess stars with V-Ks<3.Q. On the 
oth er hand, a mid - infrare d investigation of the Pleiades 
by IGorlova et al.l 1)20061 ^ offers a large homogeneous 
24 fxia stellar sample of similar metallicit y and distance 
as IC 2391 with only slightly older age. IGorlova et al.l 
((2OO6) have identified 57 Pleiades members with good 
quality detections at Ks and 24 /im and no evidence of 
mid-infrared excess. We plot these 57 stars with col- 
ors O.Q5<V-Ks<3.Q in Figure |2| to illustrate the rela- 
tive tightness of the distribution. The age difference be- 
tween IC 2391 and the Pleiades will have negligible effect 
on the intrinsic i(rs-[24] color with both wavelengths on 
the Rayleigh- Jeans side of the emission spectrum for the 
range of stars in which we are interested. The effect on 
the V-Ks color is less than 0.1 mag according to a com- 
parison of Sicss. Dufour. & Forestini (2000) tracks. This 
is not surprising as pre-main sequence stars at 50 Myr are 
already quite close to the main sequence. As we use the 
ifs-[24] color as the primary diagnostic for mid- infrared 
excess, a 10% variation in V-Kg or less will have very 
little effect on identifying excesses when using Figure El 
Hence, for the Ks-[24]^0 regime (0.05 < V-Ks<3.0), we 
use the larger sample of Pleiades members with no ap- 
parent mid-infrared excess to construct an empirical pho- 
tospheric locus of stars on a V-Kg vs i(rs-[24] color-color 
diagram. This photospheric locus is applicable for spec- 
tral types from late-B to mid-K stars. 

To establish the photospheric l ocus for M dwarfs, w e 
rely on the field M-dwarf survey of lGautier 'ei~al]ll200l . 
We plot their points {small open circles) with matching 
T^band magnitudes in Figure 01 The photospheric colors 
indeed turn redward with increased slope for stars with 
V-Ks>3.6. We compare thi s locus with the predicted 
V-Kg colors for 50 Myr stars ijSiess. Dufour. fc Forestinil 



20001) with the sp ectral type/ Ks-[24] relation from 
Gautier et al.l l)200(iD by a {dashed line). 

3.3. Sources with Apparent 24 nm Excess 

Since the precision of the 24 /im photometry in the 
Pleiades dataset is very similar to ours, we adopt the 
Pleiades 3cr relative excess threshold (cr=0.05 mag) as the 
criterion for thermal excess in our IC 2391 study. A clus- 
ter member whose 24 fim flux density exceeds its pre- 
dicted photospheric emission at this wavelength by at 
least 15% is a debris disk candidate. We refer to the 
ratio of observed to predicted flux density as the 24 /im 
excess ratio and will discuss its evolution for FGK stars 
in §4.3. We apply in FigureQlthis photospheric locus for 
A-K stars along with the empirical photospheric locus for 
M dwarfs to our IC 2391 sample. We uniformly deredden 
the stars using EfB- Vj=0.006 and the IR reddening laws 
described in Cambrcsy et al. ( 2002) (assuming A[24] ~0). 

In the V-Ks<3.0 regime in Figure 01 we identify seven 
debris disk candidates: ID 2, 4, 13, 16, 24, 25, and 26. 
Of the three detected cluster M dwarfs, we observed only 
1 obvious excess - the M5 dwarf ID 10 (discussed further 
in §3.6). For the color regime not fitted by our models 
{3.0<V-Ks<3.6), we assume in FigureQla simple diago- 
nal fit connecting the upper and lower regimes. This is 
consistent with the positions of late- type stars ID 5, 21, 
and 27 and results in one more candidate excess source, 
ID 29. 

The images of the nine stars initially identified as de- 
bris disk candidates were visually inspected at 24 /xm to 
ensure they match a point spread function and do not in- 
clude potential contamination by heated cirrus or back- 
ground sources. In addition the stars were analyzed in 
the higher-resolution, near-infared 2MASS images^ for 
elongation due to possible tight bin aries. Only source 
ID 2 (VXR02a, G9: IPatten fc Simonl [l996') showed elon- 
gation in the 24 ^im image, due to a faint source appear- 
ing 6.6" away. [Pattcn & Simon (1996) classify this faint 
companion object as a K3V but its near-infrared col- 
ors and position on the cluster CMD are more consis- 
tent with a background K giant and hence it is possible 
that the 24 fim excess may be due to dust from an evolv- 
ing background giant and not the cluster member ID 2. 
Therefore, we do not classify ID 2 as a debris disk candi- 
date. 

In total, we identify eight cluster members with evi- 
dence of debris disks - one A star, six FGK stars, and 
one M dwarf. We circle the eight in Figures ^ and 01 and 
indicate them as 2Amicron excess objects with a "Y" in 
Table tbl-2. 

The candidate debris disks presented here are the first 
observed in IC2391. A report of possible 25/im IRAS 
exces ses around several of the cluster A a nd early- F 
stars (Bac kman. Stauffer. fc Wittebornlll991|) is not con- 
firmed. Six members (all B stars) have 12 fim IRAS de- 
tections, all of which are photospheric. None have IRAS 
detections at wavelengths > 60 /zm. In addition, none 
of the members have been previously detected with ISO. 
We summarize the overall number and frequency of ex- 
cess objects by spectral type in Tableland discuss their 
interpretation in §4. 

^ http:/ /irsa. ipac.caltcch.edu/applications/2MASS/IM/ 



Spitzer 24 Micron Observations of Open Cluster IC 2391 



5 



The excess frequency of a sample is defined as the ra- 
tio of the number of excess sources to the total number 
of sources. We include in this ratio only those IC 2391 
cluster members whose photospheres are detectable at 
24 /im. We define this minimum flux density sensitiv- 
ity as the completeness limit of our sample, calculated 
at the turnover in the Kg brightness distribution of all 
the sources in our MIPS image with 24 ^m detection 
(ii's< 9.9). This brightness corresponds to spectral type 
~K4 in IC2391. Detections fainter than the complete- 
ness limit may be biased toward excesses. 

While we identify 34 cluster members in our mosaic, 
eight are removed from our statistical analysis. Four 
have Kg magnitudes fainter than our photospheric com- 
pleteness level (ID 10, 21, 27, 29) and another two are 
binaries whose individual components are outside the 
completeness limit (ID 5 and 32). The last two, ID 20 
and 34, are both B3IV stars. It is known that early B 
stars are sufficiently hot to e mit free-free emission tha t 
can also contribute 24 /im flux (|Chokshi Co henl lT9R^ . 
Hence, using a 15% threshold, we report an overall excess 
frequency for the cluster of 0.23t^;o^ (6/26; excess fre- 
quency uncertainties are reported throughout this report 
as Icr binomial probab ility distributions; see Appendix in 
iBurgasser et al.ll2003j) . 

While there were no detections of IC 2391 cluster mem- 
bers with the MIPS 70 /im channel, we calculate upper 
flux limits at the 24 /tm source positions using aperture 
photometry with a 1.83 pixel radius aperture and 1.927 
aperture correction (STinyTim 70 /im PSF model; Gor- 
don et al., in prep). The 70 /im upper limits are listed in 
Table El 

3.4. Contamination 

With a relatively flat background and little cirrus emis- 
sion, the most likely contaminant in IC 2391 is confu- 
sion from random linc-of-sight positional overlap with 
distant optically-faint but infrared-bright galaxies and 
AGN, showing no sign of elongation in the MIPS image. 
What is the probability of such an accurate chance align- 
ment? For example, with ^20 00 extra-galactic sour ces 
per square degree at 0.5 mJy l|PaDOvich et al.l I2004D . a 
flux less than our completeness limit but greater than our 
detection limit, the probability of a chance background 
source observed within 0.5" of a cluster member is 0.4% 
[7r(0.5"V(0-97x602))x2000x32]. Except for ID 10 and 
ID 29, the faintest excess sources, the remaining excess 
candidates are at least a factor of two brighter and the 
extragalactic contamination is signiflcantly lower. 

Additionally, we looked for positional offsets between 
our 24 /im excess sources and the corresponding 2MASS 
positions that could potentially indicate fake excess emis- 
sion from a superimposed object. The average offset be- 
tween all our MIPS objects and 2MASS positions for 
members from Tabled is 0.6". Except for ID 29, which 
is the second faintest excess candidate in the sample (and 
not included in our frequency statistics), the sources fall 
within a 1" circle centered on the 0.6" systematic offset 
on a ARA vs ADec plane. 

3.5. Debris Disk Correlations with Other Stellar 
Properties 

Due to both its age and proximity, IC 2391 has been 
the subject of several rotational velocity and X-ray stud- 



ies (iStauffer et all 119891 iPatten & Simon 


119931 119961: 


Stauffer et ablll 997HSimon & Pattenlll 9981 


Marino et alJ 


20051). To assess correlations between cluster members 



with and without evidence for debris disks with other 
stellar parameters, we matched the cluster members in 
Table ^ with information regarding binarity, rotation 
(usini), and X-ray luminosity (L ogiLx/Lh,,/]) fr o m the 
liter ature. As also obse rved by IStauffer et alJ 1)20051) 
and iGorlova et al.l ()2006D in their investigations of the 
Pleiades, we find no clear correlations between 24 /im ex- 
cess sources and any of these stellar properties. 

3.6. An Interesting Possible Cluster Member: PP 7 

ID 10 (PP7; IPatten fc Pavlovskvl 11999^ 
is a spectroscopically measured M5 dwar f 
l|Barrado v Navascues. Stauffer. fc Javawardhanal l2004() 
with an observed 24 /im flux density approximately 
1.6 times the predicted photospheric level. PP7 is 
the faintest star in Table ^ to have a 24 /tm detection 
and have an excess; however, it is 3 times above the 
MIPS 24 /im detection limit. Its positions in both 
near- infrared and optical CMDs (Figure as well as 
in the near-infrared color-color diagram, are consistent 
with membership, but only as a nearly equal-mass 
binary system. The Nal doublet (A8200A) equivalent 
width and Ha emission line are consistent with a 
young, late M dwarf. Using five astrometric positions 
we have calculated its proper motion to be /tQCOS(S=- 
45.0±10.1mas/yr, /iA=20. 8ibl0.7mas/yr. Compared 
to IC2391's mean motion l|R,obichon et alJ ir999'). PP 7 
gives a kinematic of 3.9 for two degrees of freedom 
(i.e. 14% of bona fide cluster members should have 
proper motion values more deviant). Hence, PP 7 
appears to be kinematically consistent with membership 
in IC 2391. 

PP7 appears to possess, how- 

ever, a Li abundance an omaly . 

iBarrado v Navascues. Stauffer. fc Javawardhanal l)2004f) 
report a weak Li measurement (S /N~ 3) in its spectrum 
despite the star being about 2 mag brighter than the 
empirical Li depletion boundary for the cluster at K^. 
The possibility, as mentioned above, that the star may 
be an equal-mass binary brings it 0.75 mag closer to the 
cluster Li depletion boundary. While there exists the 
possibility that PP 7 is a very young, nearby star but 
unassociated with IC2391, the simpler hypothesis may 
be that it is a cluster member whose Li has simply not 
burned as fast as other members of similar mass. A 
radial velocity measurement would most likely confirm 
membership. If proven to be a member, it would be only 
the fourth M dwarf older than 10 Myr known to have a 
mid- infrared or submillimet er excess (A UMi c, GJ182, 
2MASS J08093547 -4913033; ISong et alJl200l ILiu et alJ 
VxM lYoung et a,].| |20041 . 

4. DISK FREQUENCY OF IC 2391 AND IMPLICATIONS 
FOR DEBRIS DISK EVOLUTION 

We find eight IC2391 cluster members with spectral 
types between A and M possessing 24 /tm excess consis- 
tent with debris disks. There are two interesting aspects 
to our results: 1.) a possible dearth of 24 /im excess 
around A-type stars; and 2.) an abundance of 24 /im 
excess around FGK stars. We now discuss these results, 
put them in the context of stars in clusters of similar and 
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different ages, and interpret the implications for debris 
disk evolution. 

4.1. Dearth of Debris Disks Around Early-Type Stars in 

I C 2391? 

Because of their high temperatures and luminosities, A 
stars are very efficient at illuminating the dust in debris 
disks, yet they are not so hot, as are early-B stars, that 
they excite gaseous disks that might masquerade as de- 
bris dust. Consequently, debris systems around A- type 
stars (B5-A9) have been studied particularly thoro ughly . 
The largest su rveys of this nat ure are lRieke et alJ l|2005ri 
(266 stars) and lSu et all l|2006D (160 stars) who used both 
Spitzer and IRAS observations to study debris disk fre- 
quencies and evolution. Their samples, composed of both 
cluster members and field objects, range in ages between 
5 and 850 Myr and all the observations at 24-25/xm are 
sensitive to photospheric levels. 

How does the debris disk frequency of A-type stars in 
IC 2391 compare to the larger surveys? To create a single 
robust sample to which we could compare our results, we 
combined the two samples of Rieke et al. and Su et al., re- 
moved the IRAS sources (which have larger scatter than 
the Spitzer data), used a common relative excess thresh- 
old criterion (> 15%), and only considered sources with 
estimated ages > 10 Myr. Whenever there was source du- 
plication we used the more recent Su et al. 24 /im excess 
ratio results due to improved reduction procedures and 
fitting to theoretical photosphere models. The combined 
data set consists of 276 stars which we place in arbitrary 
age bins. For the 31-89 Myr age bin, the excess frequency 
is 0.44j:o;}o (8/18). Thus, nearly half of the stars between 
31-89 Myr have evidence for debris disks. For the same 
B5-A9 spectral type range in IC2391, we find an excess 
frequency of 0.10t!^:J5 (1/10). If we use the binomial dis- 
tribution where the probability of "success" is 0.44to.io: 
the probability that these two results are drawn from the 
same distribution is about 3%. 

There are three possibilities to explain this result: 1.) 
it may be just a statistical deviation, given the only mod- 
erate probability that the difference is significant; 2.) it 
may signal that the simple smooth decay with age used to 
characterize debris disks as demonstrated bv iRieke et al.l 
((^05) is an oversimplification; or 3.) it might indi- 
cate that the cluster environment has influenced the de- 
bris disk evolution. The first possibility cannot be ruled 
out without observations of additional clusters at similar 
ages. Nevertheless, the latter two are worth exploring 
because it is of interest to see whether variations in the 
debris disk frequencies in clusters might be possible and 
what their causes might be. 

How does this frequency compare to clusters of other 
ages? In Table 0| we list the excess frequencies from 
Spitzer 24 /im surveys of A-type stars from open clus- 
ters (and an OB association) with sample sizes > 10 and 
plot them in Figure [S] In each cluster, the same relative 
excess threshold of 15% above the predicted photospheric 
emission has been used. Age estimates and their uncer- 
tainties are obtained from references within those listed 
in Table H 

The seven open clusters and the association closely fol- 
low the larger combined field and cluster sample. This is 
not unexpected with only the Pleiades and IC2391 not 
already included in the larger combined sample. While 



the fraction of stars with debris disks for the other clus- 
ters matches the overall behavior of the entire sample, 
IC 2391 's disk frequency appears disproportionately low. 
Since its behavior does not seem to be refiected in the 
other cluster results, it does not represent an overall de- 
parture from the smooth decline in activity. That is, 
there is no evidence in favor of our second hypothesis. 

We now consider the third possibility, that the cluster 
environment might be responsible. Unlike the marginally 
smaller fraction of measured excesses found amongst the 
A-type stars in IC2391, Figure ^ shows that excesses 
around the FGK stars appear to be more common. Is 
there a physical scenario that can explain the behavior 
of both stellar types? 

Metallicity is not a likely issue in this case because 
IC2391 ha s comparable metaflicity (Fe/H=-0.03±0.07; 
iRandich et al. 2001) to other clusters with higher fre- 
quenc y of A-type exces s es (ie. the Pleiad es and 
M47; iNissen et all Il988t IRandich et all l200l . In 
addition, a dependence of the incidence of excesses 
on metallicity has not been s een in solar analogs 
(jGreaves. Fischer, fc Wvattil2006j) . 

A hypothesis invoking mass segregation whereby the 
most massive stars settle towards the cluster center 
where stellar densities, and hence disk interactions, are 
highest does manage to explain why less-massive stars 
would have higher disk frequencies. However, theoreti- 
cal simulations of the effects of primordial disk interac- 
tions in clusters the size of IC 2391 (~100-200 members) 
during the early period of gas dissipation predict low 
interaction rates llAdams et al. 2006). In addition, this 
phenomenon is not observed in other open clusters which 
should already have experienced mass segregation (such 
as the Pleiades and the Hyades) . 

Interestingly, iSagar fc BhattI l)1989(l . conducting a 
kinematic survey of proper motion data for eight clusters 
with ages ranging from 8 to 300 Myr, found IC 2391 to be 
the only cluster that showed mass dependence as a func- 
tion of intrinsic proper motion dispersions. The higher 
mass stars in IC 2391 were measured to have lower veloc- 
ity dispersions than the lower mass stars suggesting mass 
segregation. Their results, however, suffer from several 
observational uncertainties including low proper motion 
accuracies and incomplete IC2391 cluster membership. 
Nevertheless, their claim is intriguing. 

Another possibility centers on the photoevapo- 
ration of primordial disks. This process may be 
greatly accelerated around very lumin ous O stars (e.g. 
iHollenbach. Yorke. fc Johnstonell2001[l . The formation 
of such a star in a cluster is subject to small number 
statistics (Elmegrecn 2004) and it is possible that some 
clusters would have subjected their members' primordial 
disks to this effect, while others would not. Given the 
short lifetimes of O stars, the direct traces of the star 
would have disappeared by the age of IC 2391. To 
account for the differences between the A-type and FGK 
stars in this cluster, however, requires that either mass 
segregation play a key role in timescales short enough to 
expose the A-type stars and their primordial disks to the 
UV radiation of O stars before significant planetesimal 
formation, or that photoevaporation is less efficient in- 
wards (towards the star), at radii where G stars radiate 
at 24 micron (^5 AU). Theoretical models differ on 
whether photoevaporation could behave in this manner 
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iJohnstone. Hollenback. &: Ballvll998HRichling &: Yorkd 
2nnnt IMatsijva,ma. Johnstone, fc Mnrral ISJ 
Throop fc Ballvll2005j) . Although relaxation timescales 
in clusters of t he size of IC2391 are sh ort enough 
(~lMyr; p. 190. iBiiinev fc Trcmaind ll987D to support 
this hypothesis, the high primordial disk frequency 
~40% in NGC2244 (~2Myr), despite its including 
many O stars (Balog et al., in prep), would argue against 
it. 

In summary, although it would be interesting to search 
for some of the effects we have discussed in other clusters, 
none of them gives a solid explanation for the behavior 
of IC2391. For the present, we need to assume that the 
lack of A-type star debris systems may just be due to 
statistics. 

4.2. Abundance of Debris Disks Around Solar-Type 
Stars m IC2391 

Seven cluster members in IC 2391 with spectral types 
F to M show evidence of 24 /im excess. Considering just 
the spectral types within the completeness limit (< K4) 
and a 24 /im relative excess threshold of 15 %, the excess 
frequency of FGK stars is 0.3ltQ;j!)g (5/16). In fact, even 
around solar- type stars (F5-K7), the excess frequency is 
~0.31 (4/13). Debris disks around solar-type stars in 
IC2391 appear to be common. 

Unlike the A -star surveys of Ric ke et al.l l)2005D and 
iSu et alJ l|2006j) . there is to date no comprehensive mid- 
infrared study in the literature of the fraction of solar- 
type stars with debris disks over a broad range of ages. 
We list the excess frequencies for known Spitzer 24 /im 
surveys sensitive to photospheric emissions of F, G, and 
possibly K stars in open clusters (and an OB association) 
in TableEl Depending on distance, or target sample, the 
spectral type corresponding to the 24 /im completeness 
limit brightness varies in each cluster. We state any as- 
sumptions made in estimating the debris disk frequency 
of each cluster in Appendix B. 

The evolution of the excess frequency of FGK stars is 
shown in Figure |B1 The IC2391 results fill an age gap 
in the previous studies between 30 and 100 Myr. The 
relatively large 24 /im excess frequency observed around 
FGK stars in IC 2391 (~31%) appears consistent for its 
age with an evolutionary decay model. There are two 
important results here: 1) the IC 2391 result implies that 
planetesimals around solar-type stars are still undergoing 
frequent collisions in terrestrial planet-forming regions at 
~ 50 Myr and 2) the fraction of FGK stars with 24 //m 
excess appears to decay similarly to the trend seen for 
A-type stars. 

While the uncertainties in the excess frequencies of the 
youngest systems are considerable. Figure clearly illus- 
trates that planetesimal activity (collisions) within the 
terrestrial planet zones of FGK stars (~ 1-5 AU) is com- 
mon during at least the first 50 Myr. This is consistent 
with the epoc h of terrestrial planet formation in our own 
Solar System (Kleine et al.l2002HJacobsen ''2005'). In fact, 
planetesimal systems around FGK stars continue being 
collisionally active even within the first few hundred mil- 
lion years. Several hundred million years later, however, 
mid- infrared excesses in the ~ 1-5 AU regions become 
rare. A survey of 69 nearby, solar-like field stars with 
median age ~ 4 Gyr found only two with 24 /im excess 
meeting or exceeding the 15% relative excess threshold 



ijBrvden et alJ l200'6t). Also, the evolutionary decays pre- 
sented in Figure El are only aggregate behaviors; even at 
ages > 500 Myr large episodic excesses, while quite rare, 
do appear (e.g. Beichman et al. 2005^. The rarity of 
large impacts in mature systems is consistent with both 
the models of Kenvon fc Bromley. L2004a.) and the cra- 
tering record of the terrestrial planets l|Strom et al.l2005t 
iGomes et alll2005j) . We illustrate this further in §4.3. 

Combining with the results of Gorlova ct al. (2006), 
the debris disk frequency around FGK stars follows a 
similar excess decay behavior as the more massive A- 
type stars. Despite the overall similarity of behavior, one 
could also conclude from Figure that the FGK decay 
characteristic time scale appears shorter than that of the 
A-type stars. This is possibly, however, a luminosity ef- 
fect rather than a mass-dependent effect (since the more 
luminous A-stars heat up larger annuli of dust to the 
levels detectable at 24 /xm) . Until longer- wavelength ob- 
servations can probe larger distances around FGK stars 
for evidence of cooler dust, we conclude from Figure 
that debris disk evolution does not appear to be strongly 
dependent on stellar mass. 

Infrared excesses may originate from cascading colli- 
sions among asteroid-sized objects. However, some sys- 
tems may be in a quiescent phase and not currently 
exhibit infrared excesses. In others, a wave of planet 
formation may have already passed through the re- 
gions probed at 24 /xm (~ 1-5 AU) and planetesimal col- 
lisions may be occurring un detected at larger distances 
ijKenvon fc Bromlevll2004bjl . This implies that the de- 
bris disk incidence reported here actually gives a lower 
limit to the fraction of stars possessing planetestimals or 
undergoing planetesimal formation. Since a third of the 
stars have significant planetesimal-collision-generated ex- 
cess emission at '^50 Myr, and the incidence of debris 
disks possibly rises at earlier ages, it is likely that plan- 
etesimals form around the majority of solar-like stars. 
However, even a more intriguing conclusion can be drawn 
if planetesimal collisions must be driven by gravitational 
perturbations from planet-sized objects, in which case it 
may be true that most primordial disks around solar-like 
stars evolve to form planetary systems. 

4.3. The Evolution of 24 fim Excesses Around FGK 

Stars 

Understanding how the 24 /im excess evolves over time 
around FGK stars may provide insights to the collision 
history in the terrestrial planet region. Taking luminosity 
differences into account, we now explore the evolution of 
the excess ratio, which we defined in §3.3. The 24 /im 
excess ratios of FGK stars in our IC2391 sample range 
between 0.9 and 2.0 with a median of 1.1. In Figure 
\7\ we plot these results along with the excess ratios of 
FGK stars from the other clusters listed in Table [S] as a 
function of time. We also add two known solar-type stars 
not members of clusters but with measured mid-in frared 
excesses - HIP 8920 (300 Myr, GOV: Song ct al. 2005) and 
HD 12039 (30 Myr, G3/5: .Hines et al. 2006.) . The upper 
envelope of the excess ratios appears to decrease rapidly 
within the first ~ 25 Myr followed by a gentler decay with 
characteristic timescale of '^100 Myr. This early rapid 
decay may represent the final clearing of disks that are 
transitional between the primordial and debris stages. 
By several hundred million years, the mean 24 /im flux is 
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close to photospheric. 

Over-plotted onto Figure H are an inverse time {solid 
line) and an inverse time-squared {dashed line) decay. 
While more data at younger ages would better define 
the fit, the inverse time decay appears to best match 
the data's upper envelope at ages > 20 Myr. Larger in- 
verse powers overestimate the number of large excesses 
observed at earlier times. An inverse time decay is qual- 
itatively consistent with collis ions being the dominan t 
grain d estruction mechanism f Pominik fc Decinl l2003j) . 
iChen et ah 1,2006) show that for a main sequence F5 star 
with dust mass between 0.001-1 M^, the colhsion hfe- 
times for average-sized grains is always shorter than the 
Poynting-Robertson and corpuscular wind drag lifetimes 
at radial distances <100AU. Dominik fc Decinl l|2003fl 
and lWv att ( 20^^ conclude that all observed debris disks 
are in the collision-dominated regime. 

The evolution of the observed excess ratios shown 
in Figure [3 may be best interpreted as the evolution 
of dust generation from planetesimal collisions around 
FGK stars. As planetesimals are gravitationally scat- 
tered out of planetary systems, grow into Moon-sized 
objects or larger, or are ground down and removed via 
Poynting-Robertson drag, their fewer numbers result in 
less frequent but occasionally powerful collisions pro- 
ducing copious amounts of dust. Observationally, this 
translates to a decreasing mean 24 /um flux excess ra- 
tio with occasional large outliers as shown in Figure 
[3 Potential examples of stars with excess appearing as 
spikes indicating that such collisions have occured re- 
cently (in the past ~ million years) in t heir planetary 
syste ms are 2M0735-1450 fSO Mvr. F9: iGqrlova et all 
l200l . HIP 8920 faOO Mvr. COV: ISong et a,lJl200,^ . and 
HD 69830 (2Gyr, KO: IReichma,n et a,lJl200,'^r 

Based on the rarity of objects with evidence of recent 
collisions and the generally low incidence of 24jum ex- 
cess w e draw a conclusion similar to that of iRieke et al.l 
l)2005(l : large collisions occur after the initial period 
of terrestrial planet formation as episodic, stochastic 
events. The general decay in the excess ratio may very 
well correspond to the decline of the collision frequency 
within the inner parts of a planetary system analogous 
to the asteroid belt of our own Solar System. The larger 
excess ratios observed at earlier periods may be very rem- 
iniscent of our understanding of events in the early Solar 
System, in which an early period (< 100 Myr) of frequent 
and catastrophic collisions (e.g., the birth of the Moon) 
was followed by a declining rate of planetesimal impacts 
followed by one last brief period of heavy bombardm ent 
~600-700 Myr l|Strom et a,lJl2nn,'l IComes et aUElnl . 

The general behavior of the FGK stars in Figure |3 
is remarkably similar to the corresponding figure for A- 
stars (iRieke et al. 2005) . Besides the inverse-time decay 
of the excess ratio and episodic outliers at ages older than 
about a hundred million years, Figure H also illustrates 
another similarity between the two populations - the frac- 
tion of stars that have no or little 24 fim excess at a given 
age. This phenomenon occurs even for the youngest 
FGK stars despite their overall higher probability of 
having mid- infrared excesses. Analogous to the previ- 
ous conclusion from A- t ype star studies fSpanelc r et al.l 
12001'; 'Decin et al.' 2003; Rieke et al. 2005), this possibly 
points to a distribution of planet formation and clear- 
ing timescales even within young stellar clusters. Given 



the uniform behavior, the range of 24 /zm excess mea- 
sured over time should eventually provide quantitative 
constraints for theoretical models of planetary system 
evolution. 

The results from numerical simulations investigating 
the evolution of dust generation fro m planetesimal col- 
lisions around solar-type stars by iKenvon fc BromlevI 
l)2005j) show a qualitative similarity to the observed be- 
havior in Figure 13 Kenyon & Bromley (see their Fig. 4) 
show both a steady decline of the 24 fim excess ratio af- 
ter ~ 1 Myr due to the depletion of colhding bodies and 
episodic large increases due to individual massive colli- 
sions. However, there are a number of observed behaviors 
where the simulations do not yet match. The character- 
istic timescales of the simulations appear shorter than 
what is observed. For example, at the age of the oldest 
subgroups in Scorpius-Centaurus (^17 Myr), the simu- 
lations show 24 /xm flux densities only 2-3 times photo- 
sphc ric as compared to the much larger ratios observed 
bv iChen et alJ f2005) and shown in Figure □ This dif- 
ference is independent of possible contamination by rem- 
nant primordial (or transition) disks in the Scorpius- 
Centaurus sample. In addition, there are no large excess 
ratios (spikes) greater than two after 50 Myr in the simu- 
lation rcsuhs, unlike those of 2M0735-1450 and HIP 8920 
shown in Figure [3 Lastly, at no time before a hundred 
million years in the simulation does the 24 /im excess ra- 
tio reach unity. Any theory of debris disk evolution will 
have to account for those stars that show no 24 /xm ex- 
cess (within Spitzer's detection limits) at ages less than 
100 Myr. This is an important observed phenomenon dis- 
cussed earlier that occurs in stars across a broad range of 
spectral types and ages. Why some stars, in particular 
the youngest (<30Myr), have mid-infrared excesses and 
others do not is still without clear explanation. 

Additional mid-infrared observations of intermediate- 
mass stars with known ages should help further constrain 
the time scales and behavior of the evolution of debris 
disks and, ultimately, of planetary system formation. 

5. CONCLUSIONS 

We have conducted a photometric survey for dusty de- 
bris disks in the ~ 50 Myr open cluster IC2391 with the 
MIPS 24 fim channel on Spitzer. This wavelength probes 
regions ~ 5 to 30 AU around A-type stars and regions ~ 1 
to 5AU around FGK stars. Due to the cluster's prox- 
imity, fluxes of stars as late as spectral type ~K4 can 
be measured down to the photospheric level. Of the 34 
cluster members detected, only 1013*'% (1/10) ol ^~ 
type stars had 24 /xm flux densities > 15% that of the 
photosphere. This is lower than the 31ltg^% (5/16) fre- 
quency measured for FGK stars in the cluster as well 
as marginally lower than A-type stars located in other 
young clusters. However, it is possible that this differ- 
ence simply reflects random statistical variations. 

In comparison, 3ltg^% of the FGK stars in IC 2391 
have excesses. From their behavior, wc find the following: 

1. A high level of planetesimal activity (collisions) 
is still occurring in terrestrial planet regions (^ 1- 
5AU) at -50 Myr. 

2. The fraction of FGK stars with 24 /xm excesses 
decreases significantly on timescales of ^^100 Myr. 
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This decay over time corresponds to the observed 
dechne of the frequency of colhsions within the in- 
ner parts of these systems analogous to the asteroid 
belt of our own Solar System. 

3. The decay and variation of 24 /xm excess ratios 
around FGK stars is very similar to that measured 
around A-type stars. Despite an overall decaying 
excess ratio civolution, there are large fractions of 
young stars with no excess at the youngest ages 
and rare large excesses at older ages indicative of 
episodic and stochastic events. 

4. Despite differences in luminosity and in the annuli 
probed at 24 /im between A-typc and FGK stars, 
debris disk evolution does not appear to be strongly 
influenced by stellar mass (for this range of spectral 
type). 
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TABLE 1 

General Characteristics of IC 2391 Cluster Members with 24 Detections 













V 


V-K, 


vsini 








ID 


RA (2000) 


Dec (2000) 


SpT 


(mag) 


(mag) 


(km/scc) 


binarity?^ 




common names*' 


1 


8 


Q'7. A'7 n 

o / ;4/ .U 


-52:52:12.4 


F5 


9.65 


1.14 


- 


N 


- 


HD 73777 


2 


8 


37:55.6 


-52:57:11.0 


G9 


11.50 


2.22 


- 


N? 


-3.70 


VXR02a 


3 


Q 
O 


QQ-A A Q 

v5o.44.o 


-53:05:25.4 


B8 


6.44 


-0.17 


- 


Y 


-5.99 


HD 73952,VXR04 


4 


Q 
O 


vSO.OO. ( 


-52:57:51.7 


G2 


10.29 


1.61 


34 


N 


-4.47 


SHJM1,VXR05 


5 


Q 

O 


vSo.Oo.o 


-53:19:12.7 


M3 


13.77 


3.92 


< 7 


SB2 


-3.38 


VXR06a 


6 


g 


oo. Of . y 


-53:01:26.3 


F5 


9.66 


1.39 


21.0 


N 


-3.98 


VXR07 


7 


g 


39:02.8 


-52:42:38.4 


K: 


11.28 


2.48^= 


- 


Y 


- 


HD 74009B 


8 


Q 
O 


v5y.Uo.4 


-52:42:39.7 


F3 


8.78 


0.98 


- 


Y 


-3.80<* 


HD 74009A,VXR08 


9 


Q 
O 




-53:26:23.0 


B5 


5.44 


-0.36 


- 


N 


- 


HD 74071 


10° 


Q 
O 




-53:21:04.4 


M5 


17.31 


5.69 


- 


Y? 


- 


PP07 


11 


Q 
O 




-53:10:07.2 


G: 


9.95 


1.63 


- 


N 


-3.68 


VXRll,CD-52-2482 


12 


8 


oy:4v).U 


-52:57:51.1 


F2 


9.10 


0.97 


- 


N 


<-5.14 


HD 74117 


13 


Q 
O 


oy.Ov>.u 


-52:57:56.9 


KO 


11.86 


2.07 


16 


N 


-3.63 


SHJM6,VXR12 


14 


Q 
O 


vSy.o / .0 


-53:03:17.0 


B5IV 


5.17 


-0.36 


- 


SB 


<-7.28 


HD 74146 


15 


Q 
O 


v5y.oy.4 


-53:15:39.4 


Alp 


7.21 


0.05 


- 


SB 


-4.90 


HD 74169,VXR13 


16 


Q 
O 


4U.Ui.D 


-52:42:12.6 


A7 


8.48 


0.55 


- 


N 


<-5.75 


HD 74145 


17 


8 


40:06.2 


-53:38:06.9 


GO 


10.41 


1.51 


47 


N 


-3.59 


VXR14 


18 


Q 
O 


4U. io.z 


-52:56:29.2 


G9 


11.84 


2.24 


22.0 


N 


-3.25 


VXR16a 


19 


Q 
O 


/I ri- 1 '7 
4U. i / .O 


-53:00:55.4 


B7 


5.55 


-0.34 


- 


SB 


<-6.95 


HD 74196 


20* 


8 


40:17.6 


-52:55:19.0 


B3IV 


3.59 


-0.55* 


- 


N 


- 


oVelorum,HD 74195 


21 


Q 
O 


4U. io.vj 


-53:30:28.8 


K4 


13.54 


3.30 


8 


N 


-3.28 


VXR18a 


22 


8 


40:48.5 


-52:48:07.1 


AO 


7.26 


0.05 


- 


SB 


-4.92 


HD 74275,VXR21 


23 


8 


40:49.1 


-53:37:45.4 


Gl 


11.15 


1.88 




N 


-3.27 


VXR22a 


24 


8 


41:10.0 


-52:54:10.6 


F6 


9.85 


1.22 


43 


SBl? 


-4.48 


HD 74340,VXR30 




8 


41:22.8 


-53:38:09.2 


F3 


Q 


l.UU 




In 






26 


8 


41:25.9 


-53:22:41.6 


K3e 


12.63 


2.94 


90 


SB? 


-3.00 


SHJM3,VXR35a 


27 


8 


41:39.7 


-52:59:34.1 


K7.5 


13.38 


3 42 




Y'^ 


-o.oz 


O-Tl- J iViO , V yVIXOOOj 


28 


8 


41:46.6 


-53:03:44.9 


A3 


7.55 


0.63 




N 




HD 74438 


29 


8 


41:57.8 


-52:52:14.0 


K7.5 


13.57 


3.30 


<15 


I\ 


-O.Zi 


orl JlViy , V -A.ri,4tl 


30 


8 


42:10.0 


-52:58:03.9 


Al 


7.37 


0.03 




IN 


<-D.Dy 


rliJ ( 4uiD 


31 


8 


42:12.3 


-53:06:03.8 


F5 


9.88 


1.52 


67: 


N 


-3.95 


VXR44 


32 


8 


42:18.6 


-53:01:56.9 


M2e 


13.96 


4.07 


95 


Y 


-3.41 


SHJM10,VXR47 


33 


8 


42:19.0 


-53:06:00.3 


B9p 


5.48 


-0.33 




Y? 


-6.67 


HD 74535 


34 


8 


42:25.4 


-53:06:50.2 


B3IV 


4.82 


-0.44 




SB 


-7.79 


HD 74560,VXR48 


Note. 


— Celestial coordin 


atcs arc from 2MASS 














SB: spcctrosc 


opic binary, 


SBl: single-line 


spectroscopic bi 


nary, SB2: do 


uble-line 


spectroscopic bin 


ary. 






VXR: 


If atten 






h Pavlo 












derived from i.^^ s) £) ^j^^g an 




using theJC^n 


oentej HTOH) transformat 








X-ray 






IPatten fc Simon 


lii)iidil include 




both ID 7 and 8 








Li ab 


indance 


potentially 


inconsistent with 


membership; see discussion i 


n §3.6 










The r 




2MASS Kg 


photometry is fla 


ggcd due to satL 


ration. We d 






any of the figures 


using Ks nor is it incl 


uded in the excess frequenc 


culati 


ons due 


to its early 


spectral type. 
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TABLE 2 

Infrared Properties of IC2391 Cluster Members with 24 /im Detections 





i^s-[24] 


[24] 


^([24]) 


24 /im flux 


excess ratio^ 


24 /im 


70 Aim flux^ 


ID 


(mag) 


(mag) 


(mag) 


(mag) 


(mag) 


excess? 


(mjy) 


1 


-0.06 


8.57 


0.03 


2.71 


0.94 


N 


<63 


2 


0.37 


8.91 


0.04 


1.98 


1.34 


N 


<82 


3 


-0.11 


6.72 


0.03 


14.90 


0.93 


N 


<108 


4 


0.25 


8.43 


0.03 


3.09 


1.23 


Y 


<88 


5 


0.14 


9.71 


0.04 


0.95 


0.86 


N 


<102 


6 


0.07 


8.20 


0.03 


3.83 


1.05 


N 


<100 


7 


-0.03'^ 


8.83 


0.04 


2.14 


0.93 


N 


<71 


cS 


U.Uo 


( . f O 


A HQ 


O.ol 


1.U4 


1S.T 


^ pro 


□ 
y 




no 
u.uu 


^'^ 

U.UO 


zo.yo 


Sfi 


N 


^79 


1 n 

-LU 


1 1 n 


1 

lU. OZ 


OR 
U.UD 





1 R9 
1 .DO 


V 




1 1 


U.U ( 


R 9^^ 


^'^ 

U.UO 


9 R7 
o.u / 


1 04 


N 


^79 


1 9 




7 QQ 


O 09 
U.UO 




119 
i . ±0 


NT 




1 


22 


y.oo 


OA 

u.u^ 


1 OS 

J- .UO 


IIS 


Y 


^1 AS 


1 A 

J, ft 


-U. -i-O 


71 


o'^ 

U.UO 


97 Q9 
o / .yz 


SS 
u.oo 


N 


^1 OQ 

<^ ±uy 


1 


-U.UO 


7 9A 


O 09 
U.UO 


Q 9S 

y .zo 


Qf^ 

u.yo 


IN 


^QA 

^y^ 


1 R 


U.Ul 


7 ^9 


09 
U.UO 


o.oy 


1 77 


Y 


<^1 f^Q 

<^ luy 


1 7 


U.U ( 


o.oo 


09 
U.UO 


2 14 


1 04 


N 


^ / o 


1 S 
J.C5 


n OR 

U.UD 


Q 


O OA 

U.U'i 


119 


1 01 
i .Ul 


i\ 


^7A 


1 Q 


-0 14 


o.uo 


09 
U.UO 


9S 97 


Q1 

u. yj- 


N 




20'^ 


-0.08*^ 


4.22 


0.03 


149.05 


0.97 


N 


<136 


21 


0.12 


10.12 


0.05 


0.65 


0.99 


■\T 
i\ 




22 


-0.10 


7.31 


0.03 


8.70 


0.93 


N 


<102 


23 


0.03 


9.25 


0.03 


1.46 


0.99 


N 




24 


0.43 


8.20 


0.03 


3.84 


1.47 


Y 


<124 


25 


0.75 


7.79 


0.03 


5.58 


1.98 


Y 




26 


0.26 


9.44 


0.04 


1.23 


1.18 


Y 


<115 


27 


0.22 


9.74 


0.04 


0.93 


1.07 


N 


<93 


28 


-0.05 


6.97 


0.03 


11.84 


0.96 


N 


<67 


29 


0.35 


9.92 


0.05 


0.79 


1.22 


Y 




30 


-0.11 


7.44 


0.03 


7.70 


0.93 


N 




31 


0.03 


8.34 


0.03 


3.37 


1.00 


N 


<68 


32 


0.30 


9.59 


0.04 


1.07 


0.96 


N 




33 


-0.10 


5.91 


0.03 


31.57 


0.94 


N 




34 


-0.20 


5.47 


0.03 


47.48 


0.87 


N 





^Ratio of observed 24 ^tm flux density to the predieted photospheric flux density at 24 ^tm. 

'^Upper limits; the 24 ^tm and 70 /^m mosaicks cover slightly different areas of the sky and henee some 24 /jm detections do not have 70 upper limit measurements. 

^ i^s^lMASS derived from {K Ucnis i^-K Uenis using the lL'arpeniie J HJOOJ) transformation relation. 

■^The reported 2MASS photometry is flagged due to saturation. We do not include this source in any of the figures using K^. 
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TABLE 3 

Fraction of IC2391 Cluster Members with 24 /^m Excess 



Spectral Type 


# of 
Members in 
this Sample 


# of 
Excess 
Stars'* 


Excess 
Frequency'' 


B 
A 
FGK 

M<^ 


7 
5 
19 

3 



1 

6 

1 


~0.0 (0/5)'= 
0.20t°-ll (1/5) 
0-3lto.M (5/16) 


B5-A9 (A-type) 
F5-K4 (solar-type) 


10 
13 


1 

4 


O-lOtlJ-.S^ (1/10) 
0.3lt»:i4 (4/13) 



^Excesses defined as sources with /Cs-[24] colors lying on or redward of the 3(T Pleiades photospheric baseline shown in Figure El 24 fim excess 
fluxes are > 15% above the mean photospheric flux as a function of spectral type. 

^Ratio of the number of excess stars to the total number of stars in a spectral bin. All sources included in the excess frequency have 24 //m 
sensitivity to the photospheric flux (spectral type < K4). 

■^Spectral types < B5 are removed from the excess frequency statistics due to possible free-free emission contamination. 

■^AU 3 systems are most likely binaries with integrated brightness sufficiently large to be detected at 24 /im; one, however, has a very strong 24 fim 
excess. None of the 24 fim detections are sensitive to photospheric emission. 
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TABLE 4 

24 Excess Frequencies of A- Type Stars from Spitzer/MlPS Surveys'' 





Excess Frequency 


Age (Myr) 




Sample Size Excess Frequency References 


Up Cen Lupus 
NGC 2547 
IC 2391 
M47 


0.44t»:i? 

o.44t°:lg 

10+°" 

S2+°-^° 


16±2 
30±5 
50±5 

80±20 


16 
18 
10 

31 


Su et al. (2006) 
Youne et al. f2004). Gorlova et al. (in oreo) 
This paper 
Rieke et al. (20051 


Pleiades 


'^•^^-0.07 


115±20 


20 


Gorlova et al. f 20061 


NGC 2516 




150±20 


51 


Rieke et al. C20051 


Hyades 


"•'-'^-0.03 


625±50 


11 


Su et al. f2006l 



^A-typc stars are defined here as stars with spectral type B5-A9; earlier B stars are omitted to minimize the possibility of 24 //m detection from 
gaseous disk free-free emission rather than from warm dust in a debris disk. 
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TABLE 5 

24 /xM Excess Frequencies of FGK Stars from Spitzer/MIPS Surveys 





Excess Frequency 


SpT Range 


Age (Myr) 




Sample Size Excess Frequency References 


Sco Gen'' 
NGG 2547 
IC2391 

Pleiades 
Hyades 
Field stars 


-0.08 
u.oo_o 03 

"••'-'--0.09 

n nq+° °^ 

'^■'J^-0.02 

0.00+0.03 
0.03+0.02 


G 
F 

F-K4 

F-K6 

G 
F5-K5 


16+2 
30+5 
50+5 
115+20 
625+50 
4000=^ 


35 
21 
16 
53 
Si'' 
69 


Chen et al. (2005) 
Gorlova et al. (in prep) 
This paper 
Stauffer et al. (2005'); Gorlova et al. (2006) 
^ieza, Cochran. & Paulson (200^ 
Brvden et al. (2006P 



^Includes only stars from the subgroups Upper Centaurus Lupus and Lower Centaurus Crux. 

'^Results are based on preliminary information from lCieza. Cochran, PaulsonI 120061) , a conference poster. See Appendix for additional comments. 
^Median age of the sample. 
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Fig. 2. — Dereddened V vs V-Ks color-magnitude diagram (CMD) of 33 I C 2391 cluster members {filled circles) observed in our 24 /im 
mosaic (Figure^; stars have been uniformly dereddened using E(B-V)=0.006 IPatten fc Simon'19991) and the near-infrared reddening laws 
of Cambrcsv ct al. (2002). Not included is the brightest star of the cluster oVelorum (ID 20) which is saturated at Kg. Overplotted are 
50 Myr theoretical isochroncs from Siess. Dufour. & Foresting 1,2000.) (dotted line) and^Baraf fe et al.. 1.199^) {solid line) placed at the distance 
of IC2391. Since the models begin diverging at y-ifs>4. 4, we also pl ot 22 M4-M7 dwarfs (small open circles) that are spectroscopically- 
confirmed cluster members from Barrado y Navascues. Stauffer. fc Javawardhana L2004) to illustrate the empirical sequence for the coolest 
known members. The M5 dwarf ID 10, the faintest member in our sample detected at 24 ^m, appears consistent with membership but as 
a likely binary. 
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-0.5 - 




(K, - [24])„ 



Fig. 3. — Dereddened V-Ks vs ifs-[24] color-co lor diagram plotting 57 late-B to mid-K cluster members {solid squares) of the Pleiades 
open cluster possessing no apparent 24 ^ra excess IStauffer et al.l2005HGorlova et aH2006l) . The linear fit to th e data (central dashed line) 
with a 3(T scatter of 0.15 mag (outer solid lines) for stars with colors between 0.05 < V-Ks< 3.0 is described in IGorlova et alJ 12003) . We 
interpret the region within the 3cr outer solid lines as the empirical photospheric locus for late-B to mid-K stars. 
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Fig. 4. — Dereddened V-Ks vs ifs-[24] color-color diagram plotting 31 members {filled circles) of the IC 2391 open cluster. The brightest 
star in the cluster, B3IV oVelorum (ID 20), is omitted due to saturated Ks photometry. The dereddened Pleiades photospheric locus with 
its mean {dotted line) and 3a- scatter {solid lines) from Figure|21is overplotted. Sources redder than the 3(t Pleiades relative excess threshold 
possess Ks-[2A] flux ratios in excess of expected photospheric colors and are considered to be debris disk candidates {large open circle). To 
estimate the photospheric locus for stars with V- Ks colors redder than the Pleiades locus {V-Ks>3.0), we plot field M dwarfs {small open 
circles) from a 24 fim and 70 fim investigation by IGautier et al.l 120061) . We also plot the theoretical photospheric V-Ks colors of 50 Myr 
stars ^icss, Dufour, & Forcstini 2000) matched to a spectral type/iCs-[24] relation from the Gautier et al. M dwarf sample {dashed line). 
Both profiles, along with a few members from IC 2391, show a redward turn for photospheres of late-type stars near V-Ks^ 3.0. ID numbers 
of some of the cluster members are shown. The mid-infrared excess of ID 2 may be associated with a background giant (see §3.4). 
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Fig. 5. — Fraction of A-type stars (B5-A9) with 24 /xm excess as a function of age. Plotted as filled circles are the excess frequencies from 
Spitzer/MlPS observed open clusters and a stellar association (data and references listed in Table HI . Also shown in open boxes are mean 
24 ix m excess frequ encies from age bins (listed across the top of the Figure) from the combined MlPS-only surveys of TCokc ct al. 1 200l) 
andlSu et alJ I2006l) . Error bars are Icr binomial distribution uncertainties and age uncertainties are taken from the cluster references in 
Table I4| in all cases a 15% relative excess threshold was used. Note that the IC 2391 excess frequency appears comparatively low for its 
age. 
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Fig. 6. — Fraction of stars with spectral types F, G, and/or K with 24 /im excess as a function of age. Plotted as filled circles are the 
excess frequencies of these stars from Spitzer/MlPS observed clusters and an association (references given in Table |5] additional comments 
are made in Appen dix B). As a c omparison, we also p lot the mean 24fim excess frequencies of A- type stars ( open boxes) from the combined 
MlPS-only data of lRieke et aT] 12009) and|5 u et al.l |2006) as shown in Figure |S| (we connect the A-type points with a dashed line to 
help distinguish the two populations). In all cases, a 15% relative excess threshold was used. Vertical error bars are 1-sigma binomial 
distribution uncertainties and age uncertainties are taken from the cluster references listed in Table ISl Despite probing different annular 
regions, the decline in the excess frequency of the FGK stars suggests a decline in the collision rate between planetesimals with stellar age 
similar to that of the more massive A-type stars. 




Fig. 7. — 24 /im excess ratio vs age for FGK stars. The excess ratio is the measured flux density to that expected from the stellar 
photosphere alone; a value of 1 represents no excess {lower horizontal dotted line). The upper horizontal dotted line represents the 1.15 
relative excess threshold used in this study. F0-F4 stars are shown as filled triangles wrhile F5-K7 stars ("solar-like") appear as filled 
circles. The solid curve is an inverse time dependence and the dashed curve is inverse time-squared. All of the points have been observed 
with Spitzer at 24 /x m and, with a few note d exceptions, are part of the disk investigatio ns listed in Table l5l Additions are M47 data 
K^orlova et al.ll2(i()l) . the 30Myr HD 12039 IHines et alEm^. and the 300 M yr HIP 8920 ISong et al.ll2005h . Omitted from this figure is 
HD 152404 from Upper Centaurus Lupus (-^ 17 Myr, F5V: IChen et aT]l2003) with a reported excess ratio of 202. The size of the excess 
coupled with its age suggests the possibility that the large excess may be due to a long-lived primordial disk. IC2391's data are shown 
above its labelled age of 50 Myr. 
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APPENDIX 

LITERATURE SOURCES INCONSISTENT WITH CLUSTER MEMBERSHIP 

The following sources are classified in the literature as possible or probable cluster members, but we conclude from 
this investigation that their properties are inconsistent with membership. 
VXR PSPC 31 

Source at 08 41 11.0 -52 31 46.0 is 0.47 mag below IC 2391 single-star sequence in Figure|21 In addition, both the Tycho- 
2 and UCAC2 proper motions exclude it as a member with high significance {x^/v ~42/2). In addition, colors and 
spectral t ype indicate ev idence of reddening which is inconsistent with the overall cluster reddening. Despite evidence 
of youth (" Randich et"aI]l200H) . the source is likely to be a young background object rather than a cluster member. 
Hi) 74517 

Tycho-2 proper motion is well-constrained but largely inconsistent with the iRobichon et alJ (^,999) cluster mean 
(xV^^ -320/2). The nearly zero proper motion suggests that the source is likely to be an interloping A star rather 
than a cluster member. 
HD 74665 

The proper motion is known to high accuracy and the Hipparcos, Tycho-2, and UCAC2 proper motions exclude the 
star as a kinematic member: [x^ /v ~ 115/2, 81/2, 107/2, respectively). Source is likely an interloping A star rather 
than a cluster member. 

COMMENTS ON INDIVIDUAL CLUSTERS 
Scorpius-Centaurus OB association (16-17 Myr, 132±14pc) 

l^hcn et al. (2005) have described a survey for excesses in this association's two oldest subgroups. Upper Centaurus 
Lupus (~17Myr) and Lower Centaurus Crux (~16Myr). Initial results show a 24 /im excess frequency of ^^40% (14/35 
using a relative excess threshold >1.15, private communication Christine Chen). Chen et al. state that the frequency 
could potentially be 40% higher if presumed interlopers are identified and removed from their proper motion selected 
sample. The large repo rted upper err or bar in TableElis due to basing the uncertainty on this possible contamination. 
Age estimates are from lMamaiek e~ al. (2004); distance is reported as typical stellar distances from the 3 subgroups 
ijChen et aLll200l . 

Regarding the A- type stars in Upper Centaurus Lupus observed at 24 ^m with Spitzer bv iSu et"an (|2006ri . we 
used a 1 5% threshold in determining the number of excess sources so as to be consistent in our treatment of all the 
surveys. iSu et all l)200fir ). however, with improved photometry and Kurucz photospheric model fitting have reduced 
the threshold to 6% for the Spitzer A-type stars in their sample. Consequently, they measure an excess frequency of 
56% (9/16) rather than the 44% (7/16) we report in Tableland shown in Figure |31 
NGC2547 (30±5Myr, 450±45pc) 

Using the Pleiades photospheric locus as the relative excess threshold and a larger list of cluster members, Gorlova 
et al. (in prep) have improved upon the number of sources with 24 /im detections from lYoung et al.l ()2004|) to now 
include F stars. 

M47 (80±20Myr, 450±50pc) 

The scatter of the Ks- [24] color for FGK stars is relatively large with some sources appearing blue- ward of the Pleiades 
photo spheric locus. While there were both F and G stars detected in the 24 /xm investigation of M47 (f Corlova et alJ 
|2004|) , the photometry was obtained during the Spitzer early checkout period during telescope commissioning and data 
analysis techniques were still being optimized. Consequently, identifying excess sources among the FGK stars with a 
15% threshold cannot yet be done with great confidence and hence we do not use the cluster in our evolution analysis 
of FGK disk frequencies. 

While we do not utilize the photometry of the solar-like stars in determining a debris disk frequency, we include M47 
data in the excess ratio evolution (Figure since we are interested in the range of excesses rather than the frequency. 
Hyades (625±50Myr, 46.3±0.3pc) 

We include unpublished preliminary MIPS/24 /im results of the 625 Myr Hyades open cluster (conference poster; 
IHjcza. Cochran. & Paulson 2006) who report no sources with excess ratios clearly above ~ 25%. At the 15% level, 
there is evidence for one borderline excess source f r om a re-reduction of the public Hyades 24 //m data during this 
investigation. Age estimate is from Perrvman et alJ l)1998f) . 
Pleiades (115±20 Myr, 135±3pc) 

Fifty-three members of the Pleiades with spectral types between B8 to K6 have been analyzed bv lStauffer et al.l l|2005f) 
and [Gorlova et al. (2006) identifying fi ye wit h evidence of debris disks. References for cluster age and distance are 
taken from those within IGorlova et aP l)2006j) . 
Field stars 

Targeting 69 older, nearby field solar-type stars with median age ~4 Gyr, iBrvden et al.l l)2006(l only found 2 objects 
with 24 /im excess > 15% above the photosphere. 



